Abstract: Ruthenium-catalyzed transfer hydrogenation of diverse π-unsaturated reactants in the presence of aldehydes provides products of carbonyl addition. Dehydrogenation of primary alcohols in the presence of the same π-unsaturated reactants provides identical products of carbonyl addition. In this way, carbonyl addition is achieved from the alcohol or aldehyde oxidation level in the absence of stoichiometric organometallic reagents or metallic reductants. In this account, the discovery of ruthenium-catalyzed C-C bond-forming transfer hydrogenations and the recent development of diastereo-and enantioselective variants are discussed.
INTRODUCTION
Whereas hydrogenation is principally employed as a method for C-H bond formation, alkene hydroformylation, the largest volume application of homogeneous catalysis, reveals that hydrogenation also may serve as a method for reductive C-C coupling [1, 2] . Inspired by the atom economy and selectivity of hydrogenation and hydroformylation, our laboratory launched a systematic effort to develop C-C bond-forming hydrogenations beyond hydroformylation [3, 4] . Toward this end, cationic rhodium and iridium catalysts were found to promote reductive C-C coupling of π-unsaturated reactants to carbonyl compounds and imines under hydrogenation conditions. More recently, under the conditions of ruthenium-and iridium-catalyzed transfer hydrogenation employing isopropanol or formic acid as terminal reductant, π-unsaturated reactants and aldehydes were found to engage in reductive C-C coupling. A significant outgrowth of the ruthenium-and iridium-catalyzed C-C bond-forming transfer hydrogenations relates to the ability to engage primary alcohols as both hydrogen donors and aldehyde precursors, enabling carbonyl addition directly from the alcohol oxidation level. In this account, the formation of C-C bonds under the conditions of ruthenium-catalyzed transfer hydrogenation is reviewed, including the recent development of diastereo-and enantioselective variants [5] [6] [7] .
RESULTS AND DISCUSSION

Carbonyl allylation
Carbonyl allylation is one of the foremost methods used for the construction of polyketide natural products. Accordingly, many chiral allyl metal reagents for enantioselective carbonyl allylation have been developed [8] .To avoid the use of stoichiometric chiral modifiers, chiral Lewis acids and chiral Lewis bases have been employed as catalysts for enantioselective carbonyl addition employing allylmetal reagents [8] . Other catalytic methods for carbonyl allylation include the reduction of metallo-π-allyls derived from allylic alcohols and allylic carboxylates [9] and asymmetric variants of Fürstner's modification of the Nozaki-Hiyama reaction [10, 11] . However, the large-scale implementation of these reductive methods is impeded by their use of terminal reductants that are metallic, pyrophoric, or highly mass intensive.
The development of hydrogen-mediated carbonyl allylations began with the observation that iridium-catalyzed hydrogenation of 1,1-dimethylallene in the presence of aldehydes promotes reductive coupling to form products of tert-prenylation [12a] . Subsequently, iridium-catalyzed carbonyl allylations employing allenes or dienes as allyl donors were achieved under transfer hydrogenative conditions employing isopropyl alcohol as the terminal reductant, or through direct redox neutral C-C couplings of primary alcohols, wherein the alcohol serves as both hydrogen source and aldehyde precursor [12b,13] . In parallel with the exploration of iridium-catalyzed C-C bond-forming transfer hydrogenations, analogous ruthenium-catalyzed processes were developed. For example, under the conditions of ruthenium-catalyzed transfer hydrogenation, isopropanol-mediated reductive coupling of 1,1-disubstituted allenes to formaldehyde or higher aldehydes occurs efficiently to provide homoallylic alcohols [14a] . For higher aldehydes, the diastereoselectivity is sensitive to the oxidation level of the coupling partner. Whereas reactions conducted from the aldehyde oxidation level exhibit poor diastereoselectivity, reactions performed from the alcohol oxidation level often deliver a single diastereomer. The collective data suggest that for reactions performed from the alcohol oxidation level, high diastereoselectivities arise in response to Curtin-Hammett effects associated with turn-over limiting carbonyl addition of the allylruthenium intermediate to the transient aldehyde (Scheme 1) [14b].
Rather than relying on Curtin-Hammett effects, a more general method for controlling diastereoselectivity is based on the hypothesis that carbonyl addition occurs stereospecifically through closed chair-like transition structures and, hence, can be influenced through complete partitioning of (E)-and (Z)-σ-allylruthenium intermediates on the basis of steric effects. For example, N,N-disubstituted allenamides, which are easily prepared through base-catalyzed isomerization of propargyl amines, participate in reductive coupling with aldehydes under the conditions of ruthenium-catalyzed transfer hydrogenation to furnish the products of carbonyl anti-aminoallylation as single diastereomers [15a] . Mechanistic studies suggest the observed anti-diastereoselectivity is a consequence of stereospecific carbonyl addition from the transient (E)-σ-allylruthenium intermediate through a chair-like transition state. Identical products of anti-aminoallylation are obtained upon ruthenium-catalyzed hydrogen exchange between N,N-disubstituted allenamides and primary alcohols with equivalent levels of diastereocontrol (Scheme 2) [15b].
Simple acyclic 1,3-dienes also participate in ruthenium-catalyzed C-C bond-forming transfer hydrogenation to give products of diene hydrohydroxyalkylation. For example, butadiene, isoprene, and 2,3-dimethylbutadiene reductively couple to aldehydes when RuHCl(CO)(PPh 3 ) 3 is employed as a precatalyst and isopropyl alcohol or formic acid are present as the hydrogen source [16a] . Identical products of carbonyl allylation are obtained from the alcohol oxidation level in the absence of exogenous terminal reductant. As observed in the preceding examples, the alcohol reactants readily undergo dehydrogenation under the reaction conditions, whereas the alcohol-containing products do not. Product dehydrogenation is suppressed by coordination of the homoallylic olefin to ruthenium to generate a coordinatively saturated homoallylic ruthenium alkoxide complex that is incapable of β-hydride elimination. However, through the use of the coordinatively unsaturated precatalyst Ru(O 2 CCF 3 )(H)(CO)(PPh 3 ) 2 , which is generated in situ through the acid-base reaction of Ru(H) 2 (CO)(PPh 3 ) 3 and HO 2 CCF 3 , further oxidation of the initially formed alcohol products to furnish β,γ-unsaturated ketones occurs efficiently to provide the β,γ-enone products [16b,c] . Thus, through careful selection of the reaction conditions, products of diene hydrohydroxyalkylation or hydroacylation are accessible from both the alcohol or aldehyde oxidation levels (Scheme 3) [17] .
While reductive coupling of 2-substituted 1,3-dienes mediated by neutral ruthenium catalysts furnishes branched disubstituted homoallylic alcohols, catalysts possessing a degree of cationic character furnish regioisomeric products of carbonyl addition incorporating all carbon quaternary centers.
Cationic ruthenium complexes allow for rapid interconversion between isomeric π-allyls, leading to carbonyl addition from a terminally disubstituted (E)-σ-allylruthenium intermediate. Hydrohydroxymethylation of 2-substituted dienes with paraformaldehyde in the presence of a cationic ruthenium complex generated in situ through the acid-base reaction of RuH 2 (CO)(PPh 3 ) 3 and HO 2 CC 7 F 15 results in the formation of primary neopentyl alcohols [18a] . Similarly, exposure of ethanol to 2-substituted dienes results in diastereoselective hydrohydroxymethylation to form secondary neopentyl alcohols with modest levels of regioselectivity (Scheme 4) [18b].
Although the diastereo-and enantioselective hydrohydroxyalkylation of butadiene would represent a completely atom economic approach to carbonyl crotylation, difficulties in generating geometrically defined σ-allylruthenium intermediates from butadiene have, thus far, foiled development of highly diastereoselective processes. However, 2-trialkylsilyl-substituted crotylmetal species are known to adopt a "pseudo-(Z)-σ-crotylmetal" geometry by virtue of allylic strain [19] . Exposure of alcohols or aldehydes to the indicated 2-silyl-substituted diene, prepared from chloroprene, in the presence of ruthenium catalysts modified by (R)-SEGPHOS or (R)-DM-SEGPHOS leads to products of syndiastereo-and enantioselective carbonyl crotylation (Scheme 5). Elaboration of these products through diastereoselective hydroboration-Suzuki cross-coupling followed by Tamao-Fleming oxidation of the C-Si bond furnishes anti,syn-stereotriads found in scores of polyketide natural products [16d].
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Scheme 4 Hydrohydroxyalkylation of 2-substituted dienes to form all-carbon quaternary centers.
Carbonyl vinylation
A highly convergent route for the enantioselective preparation of allylic alcohols is the catalytic asymmetric addition of vinylmetal reagents to aldehydes [20] . Most often, the vinylmetal reagents required for such additions are prepared through stoichiometric alkyne hydrometallation. Direct catalytic reductive couplings of alkynes and aldehydes bypass discrete generation of vinylmetal reagents [21] [22] [23] [24] [25] , however, such transformations typically employ pyrophoric or mass-intensive terminal reductants (e.g., ZnR 2 , BEt 3 , HSiR 3 ). In contrast, completely atom-economical carbonyl vinylation is achieved through hydrogen-mediated reductive couplings of alkynes and aldehydes [26] [27] [28] . Recently, it was found that redox neutral carbonyl vinylation may be achieved under the conditions of ruthenium-catalyzed transfer hydrogenation through the use of primary alcohols reactants as hydrogen donors and, thus, aldehyde precursors. Using Ru(O 2 CCF 3 ) 2 (CO)(PPh 3 ) 2 as a precatalyst, hydrogen is transferred from a primary alcohol to 2-butyne to generate aldehyde-vinylruthenium pairs, which react to give allylic alcohols [29] . At higher reaction temperatures, the initially formed allylic alcohols undergo dehydrogenation to form α,β-unsaturated ketones. Thus, intermolecular alkyne hydroacylation is achieved from the alcohol oxidation level (Scheme 6) [29b] .
nium catalysis results in regioselective C-C coupling proximal to the aryl moiety, the analogous nickelcatalyzed reactions lead to exclusive formation of the alternate regioisomers. In the latter case, the coupling products form as the formate esters, which are cleaved to the allylic alcohol upon basic work-up. An exogenous reductant is not required in this case as paraformaldehyde serves both as electrophile and reductant (Scheme 8).
Carbonyl propargylation
The synthesis of homopropargylic alcohols is typically accomplished through the addition of allenylmetal reagents to carbonyl compounds [30] . In contrast, completely atom-economical carbonyl propargylation is achieved upon ruthenium-catalyzed transfer hydrogenation of 1,3-enynes in the presence of benzylic, allylic, and aliphatic alcohols. Here, hydrogen transfer from the primary alcohol to the 1,3-enyne generates aldehyde-allenylruthenium pairs, which combine to form products of carbonyl propargylation directly from the alcohol oxidation level [31] (Scheme 9). Identical propargylation products are achieved through enyne-aldehyde coupling in the presence of isopropyl alcohol as the terminal reductant. This protocol bypasses the use of discrete allenylmetal reagents. Diastereo-and enantioselective variants of this process are under development in our laboratory.
CONCLUSION AND OUTLOOK
The C-C coupling of π-unsaturates with carbonyl electrophiles under the conditions of ruthenium-catalyzed transfer hydrogenation enables carbonyl allylation, vinylation, and propargylation from the aldehyde or alcohol oxidation levels in the absence of stoichiometric organometallic reagents. For transfer hydrogenative couplings from the aldehyde oxidation level, isopropyl alcohol or formic acid serve as terminal reductants, while from the alcohol oxidation level, exogenous reductant is not required. The ongoing development of diastereo-and enantioselective variants of these processes should assist a departure from the use of premetallated reagents in the chemistry of carbonyl addition.
Several key challenges remain. The development of conditions applicable to α-chiral aldehydes would broaden the utility of these methods in natural product synthesis. Extending the electrophile scope to encompass imine addition from the amine oxidation level would provide direct, atom-economical routes to chiral amines. Finally, the isolation of well-defined chiral ruthenium precatalysts may facilitate development of stereoselective processes. Given these challenges, the emerging field of transfer hydrogenative C-C coupling promises to remain exciting for years to come, and the central role of ruthenium in the continued evolution from classical carbanion chemistry to such transfer hydrogenative technologies is clear.
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